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I. INTRODUCTION 

The study of the magnetic moments of hght baryons and of the N — > A7 transition represents an old and important 
problem in hadron physics. Many theoretical approaches — lattice QCD, QCD sum rules, Chiral Perturbation Theory 
(ChPT), various quark and soliton methods, techniques based on the solution of Bethe-Salpeter and Faddeev field 
equations, etc. - have been applied in order to calculate these quantities. 

It should be stressed that analysis of the TV A7 transition is of particular interest because it allows one to probe 
the structure of both the nucleon and A(1232)-isobar and can help to shed light on their possible deformation. This 
reaction represents a crucial test for the various theoretical approaches. For example, naive quark models based on 
SU(6) symmetry, which model the nucleon and its first resonance as a spherically symmetric 3q-configurations, fail 
to correctly describe the electric Ge2 and Coulomb Gc2 quadrupole form factors, which vanish in such models in 
contradistinction with experiment. 

In Refs. 0,01 13 a model-independent analysis of the N A7 transition amplitude has been performed. Based on 
gauge and Lorentz covariance it was shown that the corresponding vertex function can be expressed in terms of three 
linearly independent form factors. All aspects of the reaction, such as helicity or multipole amplitudes, are expressible 
in terms of these form factors. 

A comprehensive review of the role of nucleon resonances in nuclear structure has been presented in Ref. Q. A 
didactic introduction to the A'^ — A transition involving the main theoretical ideas and predictions of the constituent 
quark model (CQM) and its applications to the electromagnetic properties of nucleons and nuclei is given in Ref. |3| • 
This paper reviews the Isgur-Karl model and presents basic formulae for calculation of the baryon spectrum. Quarks 
are fundamental carriers of the baryon charge and coupling of the photon is introduced at the quark level. The model 
is used in the evaluation of the electromagnetic properties in terms of nucleon form factors, the A electromagnetic 
form factors, and excitations of the nucleon resonances. Further improvements are proposed: inclusion of relativistic 
effects, introduction of pion degrees of freedom, etc. 

An effective Lagrangian incorporating chiral symmetry has been utilized in j^. This Lagrangian includes at tree 
level the pseudo-vector Born terms, leading channel vector-meson exchanges, as well as s— and w— channel A- 
isobar exchanges. The magnetic dipole (Ml) and electric quadrupole {E2) amplitudes are expressed in terms of two 
independent gauge couplings at the jNA vertex. The investigation of pion photoproduction from threshold through 
the A(1232) resonance region is accomplished using various unitarization methods, such that the errors obtained for 
both E2 and Ml multipoles reflect theoretical uncertainties as well as model dependence. 

Ref. analyzed the vector and axial form factors of the NN and A^A systems as well as the nNN and tt A^ A coupling 
constants (calculated defining two effective Lagrangians for the ttNN and ttA^A interactions) within a constituent 
quark model. The main conclusion is that while the Goldberger-Treiman relation remains valid, the experimental 
couplings are found to be larger by 30% or so than those predicted by the model. Also, the use of a constituent quark 
model provides significant mass-dependent corrections to the naive predictions of SU(6) symmetry. 

Complex form factors were calculated to order O(e^) in the "small scale expansion" formalism (inclusion of the A 
degrees of freedom consistent with chiral symmetry) , within the framework of chiral effective theory . It is shown 
that the low-g^ dependence of the three transition multipoles - Ml(g^), E2{q^) and C2{q^) - is governed by the 
ttN and ttA loop effects. The effective chiral lagrangian incorporates both the spontaneous and explicit breaking of 
chiral invariance. The way in which unknown low energy constants affect the ratios EMR(g^) = E2{q^) / Ml{q^) and 
CMR(g^) = C2{q^)/Ml{q^) is elucidated, and estimated values for the three individual couplings are obtained. 

In Ref. it was demonstrated that the C2/M\ ratio is related to the neutron elastic form factor ratio Gq/G^j not 
only at zero momentum transfer, but also for the entire range of momentum transfer where data is available. Relations 
are presented between the charge quadrupole transition form factor and elastic nucleon charge form factor on one side 
and the magnetic dipole transition form factor and elastic neutron magnetic form factor on the other. For example, 
at zero momentum transfer, the transition quadrupole moment and the neutron charge radius are related, leading 
the authors to the conclusion that the phenomena of deviation from the nuclcon's spherical symmetry has its origin 
in a nonspherical cloud of quark-antiquark pairs in the nucleon. Performing an extrapolation of the C2/M\ result to 
— > 00 the ratio asymptotically approaches a small negative constant in qualitative agreement with perturbative 
QCD (pQCD). 

Ref. 10] studied the chiral behavior (M^r dependence) of the 7A^A EMR and CMR ratios using a relativistic effective 
chiral Lagrangian involving pion and nucleon fields supplemented by relativistic A-isobar fields. The calculation of 
observables in the pion electroproduction amplitude was performed to next-to-leading order (NLO) in the (5-expansion. 
The parameters entering the calculation of the various cross sections are the couplings gM,9E and gc characterizing 
the individual AI1,E2 and C2 transitions. 

In Ref. 1^ a theoretical framework using the light-cone sum rule approach has been suggested for the calculation 
of the 7*A^ — > A transition. All three possibilities for virtual photon polarization were allowed, so the transition is 
described by three independent form factors. Since predictions are close to data in the region above ~ 2 GeV^, 
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the main conclusion on the result for the magnetic form factor is that the "soft" contribution is dominant at the 
experimentally accessible momentum transfers. 

There are a number of interesting problems which we address in the present paper: 

i) if one believes that both valence and sea-quark effects are important in the description of the electromagnetic 
properties of light baryons, then how large is the contribution of the meson-cloud; 

ii) what is the physics required to correctly predict the Ml amplitude for the — s- A transition, which is consid- 
erably underestimated in constituent quark models; 

iii) what input is needed in order to explain the experimental data for E2/M1 and C2/M1. 

To possibly answer the above questions we use a Lorentz covariant chiral quark model recently developed in 
Ref. [12i| . The approach is based on a non-linear chirally symmetric Lagrangian, which involves constituent quarks 
and the chiral (pseudoscalar meson) fields as the effective degrees of freedom. In a first step, this Lagrangian can be 
used to perform a dressing of the constituent quarks by a cloud of light pseudoscalar mesons and other heavy states 
using the calculational technique of infrared dimensional regularization (IDR) of loop diagrams. Then within a proper 
chiral expansion, we calculate the dressed transition operators which are relevant for the interaction of the quarks 
with external fields in the presence of a virtual meson cloud. In a following step, these dressed operators are used to 
calculate baryon matrix elements. Note, that a simpler and more phenomenological quark model which was based on 
the similar ideas of the dressing of the constituent quarks by a meson cloud has been developed in Refs. [l^ . 

In the manuscript we proceed as follows. First, in Section II, we discuss basic notions of our approach. We 
derive the chiral Lagrangian motivated by baryon ChPT 14]-JlJ, and formulate it in terms of quark and mesonic 
degrees of freedom. Next, we use this Lagrangian to perform a dressing of the constituent quarks by a cloud of light 
pseudoscalar mesons and by other heavy states, using the calculational technique developed in Ref. 0|. We derive 
dressed transition operators within a proper chiral expansion, which are in turn relevant for the interaction of quarks 
with external fields in the presence of a virtual meson cloud. Then we discuss the calculation of matrix elements of 
dressed quark operators between baryons states using a specific constituent quark model |23-j23| based on a specific 
hadronization ansatz of quarks in baryons. In Section III, we apply our approach to the study of magnetic moments 
of light baryons (nucleons and hyperons) and to the properties of the N — + A7 transition. In Section IV we present 
a short summary of our results. 



II. APPROACH 



A. Chiral Lagrangian 



The chiral quark Lagrangian Cqu (up to order p'^), which dynamically generates the dressing of the constituent 
quarks by mesonic degrees of freedom, consists of two primary pieces Cq and Cu- 



-qU 



Cq+Cu, Cq ^ £W + £(2) + £(3) + £(4) + , 



,(2) 
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The superscript (i) attached to C^'^^jj^ denotes the low energy dimension of the Lagrangian: 
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qcJ^'" F+ q + ? qa'^'^ {F+x+} Q + ^ qi"" {F+X+) q~^q[D", [D^, F+]]a^'^ q 



eio 



where x+ = X+ ~ i(x+) j the symbols ( ), [ ] and { } occurring in Eq. |(2J) denotes the trace over flavor matrices, 
commutator and anticommutator, respectively. In Eq. ^ we display only the terms involved in the calculation of the 
dressed electromagnetic quark operator. Here, for simplicity, we drop the contribution of vector mesons. The detailed 
form of the chiral Lagrangian can be found in Ref. ,12.] . 
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The couplings m and g denote the quark mass and axial charge in the chiral limit, Cj, di and are the second-, 
third- and fourth-order low-energy coupling constants, respectively, which encode the contributions of heavy states. 
Parameter m is counted as as quantity of order 0(1) in the chiral expansion. 

Here q is the quark field, and the octet of pseudoscalar fields 

8 /7r"/x/2 + 7?/V6 TT+ K+ \ 

= ^0,A, = V2 n- -7r7^/2 + W6 K° (3) 

»=i V K- -2r^/^/6 / 

is contained in the SU(3) matrix U = — exp{i(j)/F) where F is the octet decay constant. We introduce the standard 
notations [lllTllTsI 

Df, = d^ + r^, r^^^[u\df,u]~^u^R^u-^uL^u\ (4) 

= iv)V pJJu\ x± — u^xu^ ± ux^u, X — '2BA4 + • • • . 

The fields R^^ and include external fields (electromagnetic A^^, weak, etc.): 

Rf, = eQAf, +■■■ , Lf, = eQAf, + ■■■ 

where Q ~ diag{2/3, — 1/3, — 1/3} is the quark charge matrix. The tensor is defined as = F^^Qu+uF^yQu^ 
where F^i^ = df^^Ai, — d„A^ is the conventional photon field strength tensor. Here Ai — diagj™, m, rhs} is the mass 
matrix of current quarks (we work in the isospin symmetry limit with rhu — rhd = rh ~ 1 MeV and the mass of the 
strange quark rhg is related to the nonstrange one as rha = 25 m). 
The quark vacuum condensate parameter is denoted by 

B^-j;^{Q\uu\0)^-l^{Q\dd\Q). (5) 

To distinguish between constituent and current quark masses we attach the symbol ' ("hat") when referring to the 
current quark masses. We rely on the standard picture of chiral symmetry breaking [B ^ F). In leading order of the 
chiral expansion the masses of pseudoscalar mesons are given by 

2 

Ml = 2mB, Afi- (m -1- m^)^, = -(jh + 2rhs)B . (6) 

o 

In the numerical analysis we will use: = 139.57 MeV, Mk = 493.677 MeV (the charged pion and kaon masses), 
Mjj = 574.75 MeV and the canonical set of differentiated decay constants: F^^ = 92.4 MeV, Fk/Ft^ = 1.22 and 
F^/F, = 1.3 [23. 



B. Dressing of quark operators 

Any bare quark operator (both one- and two-body) can be dressed by a cloud of pseudoscalar mesons and heavy 
states in a straightforward manner by use of the effective chirally- invariant Lagrangian Cqu- To illustrate the idea of 
such a dressing we consider the Fourier-transform of the electromagnetic quark operator: 



rbare 
^ fj., em 



(9) - / e-^"^ j^-°„(x) , j^-- (x) = q{x) 7^ Q q{x) . (7) 



In Fig.l we display the tree and loop diagrams which contribute to the dressed electromagnetic operator J^"^"^ up to 
fourth order. Note, here we restrict our consideration to the one-body quark operator. An extension of our method 
to two-body quark operators will be done in future. 

The dressed quark operator j^'om(^) ^^'^ Fourier transform J^'^'^mil) have the following forms 

Jtrm(^) = H {fU-d')[qixh,qi^)] + ^^^^•'[qix)a,.qix)]\ (8) 



q—u,d,s 

<Tm(9) = j d'xe-^'^^j^]f^{x)^ Jd^xe-^'^^ Yl 



q—u,d,s 
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where ruq is the dressed constituent quark mass generated by the chiral Lagrangian (0) (see details in Ref. 
foil^)' 10(1^)^ fhil^) ^'^'^ fp{l^)j fpi'f')^ fpil^) are the Dirac and Pauh form factors of u, d and s quarks. Here 
we use the appropriate sub- and superscripts with a definite normahzation of the set of f^iO) = Cq (quark charges) 
due to charge conservation. Note, that the dressed quark operator satisfies current conservation: (9^ 7^'^°^ (x) = 0. 
Evaluation of the diagrams in Fig.l is based on the infrared dimensional regularization suggested in Ref. jl4| to 
guarantee a straightforward connection between loop and chiral expansion in terms of quark masses and small external 
momenta. We relegate the discussion of the calculational technique to Ref. JJJ. 

To calculate the electromagnetic transitions between baryons we project the dressed quark operator between the 
corresponding baryon states. The master formula is: 

{B{p')\Jt:'Z{<l)\B{p)) - {2i.)U\p' -p-q)uB{p')^l,F^{q^) + (q2)|«5(p) 
= {2^f5Hp'-p-q) J2 \m'){Bip')\J^;:q''iO)\B{p))+^^fUq'){B{p')\Jlt^^^^^^^ (9) 

I z mq J 

q—u.a,s 

where B{p) and ub{p) are the baryon state and spinor, respectively, normalized as 

{B{p')\B{p)) = 2Eb (27r)3 5\p- p') , ub{p)ub{p) = 2tob (10) 

with Eb — \/m^j-\-p^ being the baryon energy and ttlb the baryon mass. In Eq.(|5J) we focus on the diagonal 
^ \^ transitions (the extension to the nondiagonal transitions and transitions involving higher spin states like 
the A(1232) isobar is straightforward). Here F^{q^) and F^{q'^) are the Dirac and Pauli baryon form factors. In 
Eq. ((nj we express the matrix elements of the dressed quark operator in terms of the matrix elements of the bare 
operators. In our apphcation we deal with the bare quark operators for vector j^^q°{0) and tensor j^ff^q{0) currents 
defined as 

j'r(o) = m 1, m , jX'(o) = ^(o) ^(o) ■ (n) 

Eq. contains our main result: we perform a model- independent factorization of the effects of hadronization and 
confinement contained in the matrix elements of the bare quark operators j^^q°{0) and jjjl^'g (0) and the effects dictated 
by chiral symmetry (or chiral dynamics) which are encoded in the relativistic form factors f%{q^) and fp{q^)- Due 
to this factorization the calculation of f'^{q^) and fp{q'^), on one side, and the matrix elements of i|5|'*"(0) and 
j^^^q{Q), on the other side, can be done independently. In particular, in a first step we derived a model-independent 
formalism based on the ChPT Lagrangian, which is formulated in terms of constituent quark degrees of freedom, for 
the calculation of ffjiq'^) and fp{q^). The calculation of the matrix elements of the bare quark operators can then be 
relegated to quark models based on specific assumptions about hadronization and confinement. The explicit forms of 
f%{q^) and fp{q^) are given in Appendix C of Ref. J^. 



C. Matching to ChPT 

The matrix elements of the bare quark operators should be calculated using specific model-dependent assumptions 
about hadronization and confinement. In Ref. 12] it was shown that in the case of nucleons the use of certain 
symmetry constraints leads to a set of relationships between the nucleon and corresponding quark form factors at zero 
momentum transfer. In general, due to Lorentz and gauge invariance, the matrix elements in Eq. can be written 

as 

(S(p')|j'r(0)l^(P)) = UB{p'){j,Ff\q') + -^a,.q''Fi^q')]uBip), (12) 

il^{B{p')\jlZ{Q)\B{p)) = UB{p')U,G^''{q^) -f ^a,.q'^G^\q^)\uB{p). 

where ^"^2)(9^) ^^'^ ^f(2)('?^) ^^'^ Pauli and Dirac form factors describing the distribution of quarks of flavor 
q — u,d, s in the baryon B. 

Let us briefly review the constraints on the nucleon form factors derived in Ref. • The first set of relations arise 
from charge conservation and isospin invariance: 

Ff"(0) ^Ff'^(O) = 2, Ff'^(O) = Fr(0) = 1 , Gf«(0) = 0, (13) 
FnQ) = F^\0), Ff(0)=Fr(0), Gr(0) = Gf(0), Gf{0)^GT{0). 
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Note, that the quantities G'^'(O) are related to the bare nucleon tensor charges S^^'^ ^M- The second set of constraints 
are the so-caUed chiral symmetry constraints. They are dictated by the infrared-singular structure of QCD and 
reproduce the leading nonanalytic (LNA) contributions to the magnetic moments and the charge and magnetic radii 
of nucleons ^E^: 

g\ AU o 

,2.E ^ _l + 5g^ ln^ + ... (14) 

2 ° 
/„2\M ^ 9a '^N 

where and m^r are the axial charge and the mass of the nucleon in the chiral limit. In order to fulfill the strictures 
of chiral symmetry p4|l we demand the following identities involving the -F'^'(O) and G'^'(O) form factors 



^f(o) = Gr( 



;7) 


TUN 




rh ' 












J ffi 



(15) 

\ y / '"■ 

1 + F2'"*(0) - F2""(0) = Gf{0) - Gr(0) ^(dA rnN_ ^^^^ 

\ 9 J m 

where fh = m,j = is the dressed nonstrange constituent quark mass in the isospin limit. In Ref. the SU(6)- 
symmetry relations of the naive nonrelativistic quark model have been used for further constraints on F^^(O) and 
G^^{0). In this paper we go beyond the simple SU(6) picture, utilizing the relativistic constituent quark model 22]- 2^ 
to calculate the bare baryonic matrix elements or to evaluate the contribution from the valence degrees of freedom. 



D. Evaluation of the matrix elements of the valence quark operators 

In this section we discuss the calculation of the baryonic matrix elements 

(S(P')I J^rW \BiP)) and (i?(p')b-X'(0) \B{p)) (17) 
induced, respectively, by the bare quark operators: 

J^Ti^) = 9(0) 7m 9(0) , and jX°(0) = ^(O) '^m- ^(O) ■ (18) 

We will consistently employ the relativistic three-quark model (RQM) ^2-|24| to compute such matrix elements H17|l . 
The ROM was previously successfully applied for the study of properties of baryons containing light and heavy 
quarks |23j|-p^. The main advantages of this approach are: Lorentz and gauge invariance, a small number of 
parameters, and modelling of effects of strong interactions at large (~ 1 fm) distances. Various properties of light 
and heavy baryons have been analyzed within this RQM jl^-H^, and a preliminary analysis of the electromagnetic 
properties of nucleons has been performed in Ref. where the effects of valence quarks have been consistently taken 
into account. Here we extend this analysis to the case of hyperons as well as to the N A7 transitions and we 
include meson-cloud effects. 

Let us begin by briefly reviewing the basic notions of the RQM approach |22-[23|. The RQM is essentially based 
on an interaction Lagrangian describing the coupling between baryons and their constituent quarks. The coupling of 
a baryon B{qiq2q3) to its constituent quarks qi, 52 and q^ is described by the Lagrangian 

£?*j(x) = gB5(a;) Jdxijdx2jdx3 Fb{x,xi,X2,X3) Jb{xi,X2,X3) + R.c. (19) 



where Jb^xi, X2, X3) is the three-quark current with the quantum numbers of the relevant baryon B |27ll28l|. One has 

JBixuX2,X3) - e'''''^'''riq1^ixi)q^^ix2)Cr2q^'ix3), (20) 

where ri^2 are Dirac structures, C = 7^7^ is the charge conjugation matrix and ai,i — 1, 2, 3 are color indices. 
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The function Fb is related to the scalar part of the Bethe-Salpeter amplitude and characterizes the finite size of 
the baryon. In the following we use a particular form for the vertex function p^-[2^ 

Fb{x,xi,X2,x:>,) ^ 5'^{x -^^w^Xi) <^B\y^{xt- XjY\ (21) 

4=1 i<3 

where $b is the correlation function of three constituent quarks with masses mi, m2, m^. The variable Wi is defined 
by Wi = mi/{mi + m2 + m^) and therefore depends only on the relative Jacobi coordinates (■^1,^2) as + ^|), 

where 

Xi = X - ^{W2+W'i) + ^ {W2 - W3) , 

X2 = a; + wi - (wi + 2w:i) , (22) 

X3 = X + Wi + {wi + 2W2) , 
\/2 v6 

3 

and with x — y^, WiXj being the center of mass (CM) coordinate. Expressed in relative Jacobi coordinates and the 



The choice of light baryon three-quark currents has been discussed in detail in Refs. |27l l28l |. (For the discussion of 
the heavy baryon currents see Refs. and H^-ll^l)- When restricted to the unitary flavor SU(3) symmetry and the 
octet of light baryons, one can construct two linearly independent currents: vector and tensor. For the light baryon 
decuplet there exists only a single vector current. In Appendix A we list these three-quark currents for the baryon 
octet and for the A(1232)-isobar. Note that the vector and tensor currents of the baryon octet j27j, 28] are degenerate 
in the nonrelativistic limit. In the following we show that even in the relativistic case they give similar predictions for 
the magnetic moments of the nucleons, hyperons and for the N A7 transition. The quantities which are sensitive 
to the choice of the baryon octet currents are the E2/M1 and C2/M1 ratios, which are generated by relativistic 
effects and vanish in the nonrelativistic limit. 

The baryon-quark coupling constants are determined by the compositeness condition [^^-fl^l (see also [soIIbH'). 
which implies that the renormalization constant of the hadron wave function is set equal to zero: 

ZB = l-S's(mB) = (24) 

where Yj'gijnB) = (7^n'^(mB) is the derivative of the baryon mass operator described by the diagram in Fig. 2 and 

•niB is the baryon mass. To clarify the physical meaning of this condition, we first want to remind the reader 

1/2 

that the renormalization constant Z ^ can also be interpreted as the matrix element between the physical and 
the corresponding bare state. For Zb = it then follows that the physical state does not contain the bare one 
and is described as a bound state. The interaction Lagrangian Eq. ((T^ and the corresponding free parts describe 
both the constituents (quarks) and the physical particles (hadrons) which are taken to be the bound states of the 
constituents. As a result of the interaction, the physical particle is dressed, i.e. its mass and its wave function have to 
be renormalized. The condition Zb = also effectively excludes the constituent degrees of freedom from the physical 
space and thereby guarantees that there is no double counting for the physical observable under consideration. In 
this picture the constituents exist in virtual states only. One of the corollaries of the compositeness condition is the 
absence of a direct interaction of the dressed charged particle with the electromagnetic field. Taking into account 
both the tree-level diagram and the diagrams with the self-energy and counter-terms insertions into the external legs 
(that is the tree-level diagram times {Zb — 1)) one obtains a common factor Zb which is equal to zero [sij . 

The quantities of interest, the matrix elements H17|) . are described by the triangle diagram in Fig. 3a. In the case of 
the matrix element of the vector current we need to take into account two additional so-called "bubble" diagrams in 
Figs. 3b and 3c to guarantee gauge invariance of matrix elements (see details in Refs. Il^-H^ 112 )■ particular, 
the "bubble" diagrams are generated by the non-local coupling of the baryon to the constituent quarks and the 
external gauge field which arises after gauging of the non-local strong interaction Lagrangian (|19|) containing the 
vertex function H21|) . 
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In the evaluation of the quark-loop diagrams we use the free fermion propagator for the constituent quark |22 | -|24 | : 

zS,ix-y) = {0\Tq{x)q{ym = J ^ e^^^^"^) S,{k) (25) 

where 

S,ik) (26) 

is the usual free fermion propagator in momentum space. We shall avoid the appearance of unphysical imaginary 
parts in Feynman diagrams by postulating the condition that the baryon mass must be less than the sum of the 
constituent quark masses Mb < ™«i • 

In the next step we have to specify the vertex function which characterizes the finite size of the baryons. In 
principle, its functional form can be calculated from the solutions of the Bethe-Salpeter equation for baryon bound 
states [s^iHl- Refs. [S^ it was found that, using various forms for the vertex function, the basic hadron observables 
are insensitive to the details of the functional form of the hadron-quark vertex form factor. We will use this observation 
as a guiding principle and choose a simple Gaussian form for the vertex function $ b ■ Any choice for $3 is appropriate 
as long as it falls off sufficiently fast in the ultraviolet region of Euclidean space to render the Feynman diagrams 
ultraviolet finite. We employ the Gaussian form 

^BikjE.klE) = exp(-[fc2^ + kj^yAl) , (27) 

for the vertex function, where kiE and are the Euclidean momenta. Here As is a size parameter, which 
parametrizes the distribution of quarks inside a given baryon. In previous papers we determined the following set of 
parameters for light baryons: 

m„=md = 420 MeV , = 570 MeV , As = 1.25 GeV . (28) 

Note that the quoted value of the nonstrange constituent quark mass and the size parameter Ab have been obtained 
from the analysis of nucleon properties using the tensor 3q current, with the inclusion of only valence degrees of free- 
dom. Below we intend to test the second choice - the vector current ~ and also include the meson-cloud contributions 
to the baryon properties. 



E. — > A7 transition 



In this subsection we specify our approach for the case of the A'' A7 transition. In particular, we discuss in 
detail two important issues: i) projection of the dressed quark operator between nucleon and A(1232) states and 
ii) evaluation of the bare vector and tensor valence quark operators between the nucleon and the A(1232). 

The projection of the dressed quark operator between nucleon and A(1232) states reads 

(A(y)l J^:iZiq) \N{p)) - (2^)^ S\p' -p-q) zl^(p') A,,{p,p') um{p) 
^ {2^)H\p'-p-q) J2 (/l)(9')(A(pOb^r(0)|A^(p))+^/^/^(g')(A(pOb•X"(0)|A^(p))j, (29) 

q—u,d y ^ 

where Ap,y(p,p') is the A^ A7 vertex function, and u^(p') is the spin-| Rarita-Schwinger spinor satisfying the 
supplementary conditions |36| : 

Sa(p')7. = and u'i{p')pl^O. (30) 

The vertex function A^^{j),p') for on-shcU nucleon and A-isobar states can be decomposed in terms of relativistic 
form factors bi{q^) with i = 1,2, 3, 4: 

Af,,y{p,p') = [.9^1^^! (9^) +Pf^Qub2{q'^) +i^iqvh{q^) + qf.quhiq'^)]!^ (31) 

Due to gauge invariance the fourth form-factor is a linear combination of the other three: 

biiq^) + b2{q^)p ■ q + h{q^)m+ = -q^hi{q^) , (32) 
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where toa = 1232 MeV is the mass of the A-isobar, p ■ q = {m+rri- — q'^)/2 and m± = rriA ± rriN- The NA vertex 
function A^^(p,p') can then be rewritten in a manifestly gauge-invariant form in terms of 61, 62 and 63: 



or in terms of 62 , ^3 and 64 



(33) 



LL.b^iq^) + LL.b,{q') + LL.b^q') 



(34) 



where the superscript _L denotes the Lorentz-structures perpendicular to the photon momentum: 



pq 
q^ 



it = 



q^ 



(35) 



L 



2^.^ ^ Pp,qi^- 9p.i,pq, 



9i_Liy : 



with 



gi.q''^ 



0, 



pt 9^ = 0. 



7m q 



= 0. 



(36) 



It is easy to see that the gauge invariance of the N A7 matrix element is fulfilled: q'' Ap^(p,p') — 0. Alternative 
but equivalent sets of relativistic form factors defining the N A7 transition are given in Appendix B. 

Note that for the evaluation of the TV A7 matrix element we use the same universal dressed electromagnetic 
quark operators including chiral corrections (jSJ. For the calculation of the bare matrix elements (A(p')| j^|^™(0) \N{p)) 
and (A(p')l jjj^™(0) \N{p)) we apply the same quark approach RQM [22|-|23| as for the case of the octet transitions. 
Again, for the case of the "vector" matrix element (A(p')| j^'*"(0) \N{p)) we need to take into account the triangle 
diagram in Fig. 3a as well as the two "bubble" diagrams shown in Figs. 3b and 3c. For the case of the "tensor" 
matrix element {A{p')\ j]l^'^{0) \N{p)) we require the contribution of the triangle diagram only. In addition, due to 
the nondiagonality of the N A7 transition, we need to include the diagram in Fig. 3d in the calculation of the 
"vector" matrix element in order to guarantee gauge invariance. This diagram describes the sub-process wherein the 
nucleon converts into the A-isobar via a quark loop followed by the interaction of the A with the external field. Note 
that the analogous diagram where the nucleon interacts with the external field and then converts into the A vanishes 
due to the Rarita-Schwinger conditions (|30|) . 

In analogy with the — s- transitions [see Eq. H12|l ] we, for convenience, perform the expansion of the bare 
matrix elements describing ^ A transitions: 



(A(p')|j^r(0)|Ar(p)) = uiip')Y.Lt,^by('i')^'^^ip)- 



i=2 
4 



z^(A(y)|jX°(0)|iV(p)) = S^(p') Y.Li^,hJ{q')^'uN{p), 



(37) 
(38) 



where the superscripts V and T denote the partial contributions of vector and tensor matrix element to the relativistic 
form factors hi. Finally, the total results for the form factors hi are: 



loud/„2\ 



[.bare 



e^bYiq'), 



Lcloud 



{q' 



{fUq')-e,)bY{q') + mq')bJ{q') 



(39) 



where we have separated each form factor into its bare and meson cloud components. 
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III. PHYSICAL APPLICATIONS 

In this section we consider the apphcation of our technique to the problem of magnetic moments of hght baryons 
and the static characteristics of the N A7 transition. We calculate the contributions of both valence and sea- 
quarks to these quantities using the approach discussed above. We remind the reader that such an analysis was 
performed in Ref. |l2l | using symmetry constraints in order to determine values of valence baryon form factors at zero 
recoil. In particular, exact values of the contributions of the valence degrees of freedom to the Pauli form factors 
were deduced using the requirements of SU(6) spin-flavor symmetry. In addition we considered a second possibility 
when we included SU(6) breaking corrections but without specific calculations. Here we precisely evaluate the valence 
quark effects (matrix elements of the bare quark operators H17|l ) using a Lorentz covariant framework, which helps 
to take relativistic effects into account. The proper inclusion is essential for a consistent calculation of the N — * A7 
transition. In this paper we restrict our attention to the magnetic moments of the baryon octet and the multipoles of 
the TV A7 transition. 

A. Definition of baryon quantities 

Below we give a set of definitions of baryon quantities which are the subject of the present calculations. First we 
recall the definition of the magnetic moments /is of the baryon octet in terms of the Dirac - - and Pauli - - 
form factors derived in Eq. I^: 

= [Ff(0) + F2^(0)] (40) 

where we have set h = 1. In terms of the nuclear magneton - /i^r = — the baryon magnetic moment is given by 

MB= [Ff(0) + F,^(0)]^, (41) 

■niB 

where nip is the proton mass. The off-diagonal Ml moment /isA defining the transition YP —>■ A7 is given (again in 
units of nuclear magnetons) 

MEA = F^\0) , (42) 

where F^^{0) is the value of the corresponding Pauli form factor at zero recoil. 

As noted above, in our formalism the magnetic moments of the octet baryon can be split into the contribution from 
valence quarks and from the meson cloud /i^"""^: 

bare , cloud //IQA 

where 

^ba.c ^ 5] /|,(0) (Ff''(0) + F2^'(0)) , (44) 

q—u.d,s 

^doud ^ ^ /|,(0)Gf (0). (45) 

q—u,d,s 

Here the values of the meson-cloud Dirac form factors /|, at zero recoil coincide with the quark charges due to charge 
conservation: /|,(0) = Cq. These meson-cloud form factors /|, and fp have been calculated in Ref. 0, and the 
calculational method for the valence-quark form factors Ff'^ and Cf'^ has been discussed in detail in Refs. 

A complete description of the N A7 transition is then given in terms of the set of relativistic form factors hi{q^) 
(expressions in terms of form factors from equivalent definitions can be found using the relations given in Appendix B 
and in Refs. Q-^): 

1) Magnetic form factor Gmi{Q^)- 



GaMQ') = 7 63(Q')^^ — ' " + b2iQ')im+m. + Q') - 2hi{Q')Q' \ . (46) 

4 I rriA 
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2) Electric form factor Ge2{Q'^)- 



3) Coulombic form factor Gc2{Q 



2\ 



2 

4) Helicity amplitudes A^i2{Q'^) and Ai/2((3^): 



Gc2{Q^) = bs{Q^) + b2{Q^)EN + b4{Q^)u \ . (48) 



As/2iQ') = - [Gmi{Q') + Ge2{Q'')] , (49) 



^i/2(Q') = [Gmi(Q') - 3Ge2{Q^)]. (50) 



5) Ratios EMR = £^2/Ml = -Ge2{Q'^)/Gmi{Q'^) and CMR = C2/M1 = -Gc2{Q'^)/Gmi{Q'^)- 



6) Transition dipole moment /iata: 



7) Transition quadrupole moment Qna- 



MiVA = -^Gmi{0). (52) 
v6 



g.vA=-^^G..(0). (53) 
m+ m_ mjv 



8) A+ — > p + 7 decay width: 







2 











1^1/2(0)1^ + |A3/2(0)|2|, (54) 



Stt 

where = —q^ is an Euclidean momentum squared, a = 1/137 is the fine structure coupling, 

i/Ar = mA - w = — - — and w = — - — (55) 

2mA 2toa 

are the nucleon and photon energies, and 

_ AV^(mi,m^,-Q^) 

is the 3-momentum of the virtual photon in the A-isobar rest frame. Here 

A(a;, y, z) = + + - 2xy - 2xz - 2yz (57) 

is the Kallcn triangle function. 

Note, that the form factors Gmi(Q^) and Ge2{Q^) can be written in a more compact form as combinations of two 
form factors bi{Q^) and bz{Q^) using the identity (39): 

Gmi(Q') = M-''i(Q') + ^3(g')^^^|^|. (58) 
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and 

Ge2{Q') = l{-biiQ')-b3iQ')'^^^^]- (59) 

Therefore, the sum of GmiIQ^) and Ge2(Q^) is defined by the bi{Q^) form factor, while their difference involves only 
the form factor b3{Q^): 

Gmi{q^) + Ge2{q^) = -fci(g'), 

GMi(g')-G£2(Q') = hiQ^) '^+^'^ ■ (60) 

2mA 



B. Numerical results 



As stressed above, for the octet states there exist two possible choices for the three-quark current: vector and tensor. 
A preliminary analysis (see also Ref. 22] ) showed that these two types of currents give practically the same (or at least 
very similar) results in the case of the static properties of light baryons, e.g., magnetic moments. This result is easily 
understood because the vector and tensor currents of the baryon octet become degenerate in the nonrelativistic limit. 
Also, the magnetic moments of light baryons are dominated by the nonrelativistic contributions, with relativistic 
corrections being of higher order and small. This explains why the simple nonrelativistic quark approaches work so 
well in the description of the magnetic moments of light baryons. Therefore, in order to distinguish between the two 
types of currents of the baryon octet we need to examine quantities which are dominated by relativistic effects. Two 
such quantities are the well known ratios E2/M1 and C2/M1 of the multipole amplitudes characterizing the N A7 
transition. Here we find that the sole use of vector and tensor currents gives opposite results for the signs of these 
ratios. In particular, the use of the pure vector current for the proton gives reasonable results for E2/M1 and C2/M1 
both with a correct (negative) sign, while the use of the pure tensor current yields ratios with wrong (positive) sign. 
Therefore, the study of the ratios E2/M1 and C2/M1 allows one to select the appropriate current for the description 
of the bound-state structure of the baryon octet (nucleons and hyperons). It is interesting to note that in the QCD 
sum rule method dealing with current quarks the vector current structure is also preferred. This choice originally 
gave an explanation of the nuclcon mass, while the use of the tensor current yields a suppression of the nucleon mass 
due to the "bad" chiral properties of this type of the three-quark current. We would like to stress, however, that 
this preference of the vector current for the description of the baryon octet in our approach and in QCD sum rules is 
apparently just coincidental because here we are dealing with constituent quarks instead of current quarks. Later on 
we will discuss why the tensor current fails for the ratios E2/M1 and C2/M1. 

First we give a summary of the results obtained. In Table 1 we present our results for the magnetic moments of 
nucleons, hyperons and nondiagonal transitions S° A7 and N A7 using the canonical set (Set I) [23|-|23| of 
parameters for the constituent quark masses m„ — rud = 420 MeV and rus — 570 MeV and the dimensional parameter 
Kb — 1-25 GeV characterizing the distribution of quarks in light baryons. For the octet baryon states we use the 
vector current. Another two solutions (Set II and Set III) corresponding to fixed values of the constituent quark 
masses, but with A^ — 0.8 GeV and A^ = 0.75 GeV, are also presented in Table 1. The reason for decreasing the 
value of the dimensional parameter Kb from 1.25 GeV to 0.75 GeV will be discussed below. 

In Table 2 we show for comparison the results for the magnetic moments of baryons using a pure vector or tensor 
current for the octet states. The model parameters are fixed as m„ = rud = 420 MeV, rUg = 570 MeV and 
A-B =0.8 GeV. Here, for convenience, we restrict to the bare results (contributions of valence quarks only). 

In Tables 3, 4, and 5 we give our results for observables of the N — > A7 transition such as the ratios EMR and 
CMR (at zero recoil and finite = 0.06 GeV^), the helicity amplitudes, the form factors Ge2^ Gmi and Gc2 at zero 
recoil, the dipole fiNA and quadrupole Qna moments, and the decay width. Again we give results for the three sets 
of parameters: Set I (Ab = 1.25 GeV), Set II (As = 0.8 GeV) and Set HI (As = 0.75 GeV) while using the vector 
current for the octet baryons. In all cases, that is for Tables 1,3,4 and 5, we show the contributions both of the valence 
quarks (3q) and of the meson cloud. Note that the mesonic cloud contribution to the magnetic moments has been 
calculated ^3 with the use of the chiral Lagrangian (0) and is expressed in terms of the following parameters: the 
constituent quark mass m, the axial quark charge g in the chiral limit, the low-energy coupling constants C2, cg, 67, 
and 68- As in Ref. ^12J the parameters m and g are fixed input parameters. The value of the parameter C2 has been 
deduced from the analysis of the nucleon mass, meson-nucleon sigma-terms and the g^-dependence of electromagnetic 
nucleon form factors. The remaining parameters cg, 67 and eg, controlling the size of the meson cloud contribution 
to the magnetic moments, are directly fitted to reproduce the experimental values of fip, fXn and fi\. 

The set of values for cq, 67 and es used here differs from the ones of Ref. where instead the valence quark 
contributions have been fixed using gauge, isospin and chiral symetry constraints (as also discussed in Sec. He). 
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In addition, in Ref. 0| we additionally studied the implementation of the naive SU(6) valence quark model and 
corrections, expressed for example in the valence quark form factors of hyperons. 

To state it clearly, in the present context we again use and test important symmetry constraints already derived 
in Ref. and discussed in Sec. lie. But now we calculate the contribution of the valence quarks using the rela- 
tivistic quark model [23- [Si- Most of the constraints (like gauge and isospin invariance constraints) are satisfied 
automatically. Fulfillment of the so-called chiral constraints 



1 + i^r(O) - F^iO) ^ Gf (0) - GfiO) = (^) ^ , (61) 



1 + F2'"^(0) - F2""(0) = Gf{0) - Gr(0) = 

\ 9 J m 

is nontrivial. The direct calculation of the valence quark form factors F^'(O) and 0^*^(0) shows a slight violation of 
these identities (jHU- In particular, for the Set I, II and III we get, respectively: 

1 + F|"(0) - pP'^iO) = 1 + F2'"^(0) - F2""(0) 4.06 , (62) 
Gr(0) - Gf{0) = G'2''^(0) - Gr(0) = 3.51 , (63) 



1 + F2P"(0) - Ff{^) = 1 + F2"'^(0) - F2""(0) = 4.25 , (64) 
Gf (0) - Gf{^) = GfiO) - Gr(0) = 3.62 , (65) 



and 



1 + pP^'iO) - pP'^iO) = 1 + F^'^iO) - F2""(0) = 4.26 , (66) 
Gr(0) - GP'^(O) = G'2"^(0) - G'2"(0) = 3.63 . (67) 

Due to the importance of satisfying these chiral constraints (they follow from the infrared singularities of the nucleon 
form factors and are model-independent identities), it is necessary to modify the vector q^^q or the tensor q<Tf^,jq 
currents used in the evaluation of the F^iJ-^ or G^' form factors. In the following we argue that a modification of the 



Gj ' form factors only leads to a fulfuUment of these constraints. From Eq. H44|) one can see, that a modification of 
the F^'' and F^'^ form factors leads to a modification of the bare contribution of the baryon magnetic moment since 
the quantity /|,(0) = is fixed by charge conservation. Therefore, a modification of the F^'^ and form factors 
is not possible since it would lead to a modification of physical quantities {e.g. the bare baryon magnetic moments). 
This is not the case for the G^' form factors. We can modify the G^' form factors (G^' G^'^) to guarantee 
the fulfillment of the chiral constraints H61|) . Then we need to modify the form factors /p(0) fp{0) to guarantee 
invariance of the meson-cloud contributions fJ,%°^'^ (see Eq. H45|l : 

^c^oud ^ j2 fmG2'm ^ E /^(o)G2"'(o). (68) 

q—u,d q—u,d 

On the other hand the modication /p(0) /p(0) can be achieved by a redefinition of the low-energy constants cg, ej 
and eg, which are free parameters in the chiral Lagrangian 

The modification of the G^'' form factors is achieved by appending the so-called "chiral" counterterm constructed 
with the use of nucleon fields. In particular, the tensor currents originally constructed in terms of quark fields and 
used for the calculation of the matrix element {B{p')\ j^ff^{0) \B{p)) should be modified by adding a term containing 
nucleon fields, viz.: 

771 — 

q{x)a^,q{x) ^ q(x)a^,q{x) + 7V(a;)a^, 5G^'iV(x) , (69) 

TTlN 

where (SG^" = diag{(5GP", (5G""} and 5G^'^ = A\ag{5GP'\ SG""^} are the diagonal 2x2 flavor matrices and g = u 
or d. 

These matrix elements are fixed to enhance the magnitudes of the form factors G^'(O) and to satisfy the chiral 
constraints (HHJl. The idea is to increase the combinations Gf"(0) - Gf''(0) and G^''(0) - G^"(0) from 3.51 (Set I), 
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3.62 (Set II) or 3.63 (Set III) to 4.06 (Set I), 4.25 (Set II) or 4.26 (Set III). Note that such modifications alter the 
normahzation of the form factors G^'^ without additional change of these form factors at finite values of . To fulfill 
the chiral constraints H61f) . we fix the constants SG'^'^ in H69|) as: 

Set I 

gQpu ^ gQud ^ _^4SGP'^ = -4(5G"" = 0.440 , (70) 

Set II 

= SG''"^ = -ASGP'' = -ASG'''' = 0.504 , (71) 

Set III 

SGP" = 6G'"^ = -ASGP'^ = -4(5G"" = 0.504 . (72) 

After introducing the counterterm (|69|l the form factors G^'^ are modified as 

G^« (0) ^ G^« (0) - G^« (0) + SG^" (0) . (73) 

As we stressed before we need to modify the form factors /p(0) —>■ /p(0) to guarantee invariance of the meson-cloud 
contributions /i^J"""^- As stated above, the result for fp{Q) has no physical meaning: we merely need to redefine the 
low-energy couplings parametrizing this quantity. 

Finally, to guarantee the invariance of the meson-cloud contributions to the magnetic moments of other baryons 
(including N — > A7 transition) we need to introduce the "chiral" counterterms by extending the tensor quark operator 

q{x)af,^q{x) q{x)a^^q{x) + — V B{x)a^JG^'' B{x) + ■■■ , (74) 

niB ^ 

where 5G^^ is fixed from the condition 

^cioud^ ^ /^(O)Gf'(O)^ /^(O)Gf'(O). (75) 

q—u,d,s q—u.d,s 

Note that we do not modify the form factors associated with the strange quark, that is fp = fp and G^* = Gf", 
because we do not have special constraints on the strange quark contributions. In Eq. H74(l we display for transparency 
only the diagonal operators in terms of baryon fields. The nondiagonal terms relevant for Yp A7 and TV A7 
transitions are omitted (symbol • • •) and can be derived in analogy. 

Now we discuss, how the parameters intering in the calculation of meson-cloud contributions are determined. With 
the use of the chiral constraint (|61|) . the physical mass of the nucleon ttin — irip — 938.27 MeV and its axial charge 
gA = 1.267 [371 we fixed the quark axial charge as: g = 0.94 (Set I), g 0.92 (Set II), g = 0.92 (Set III). For the 
parameter C2 we use the value fixed in Ref. |l2j |: C2 — 2.502 GeV^^. The parameters ce, ej and eg are fixed as: 

Set I 

C6 = 0.163, 67 = -0.426 GeV~^ eg = -0.097 GcV"^ (76) 

Set II 

C6 = 0.067 , 67 = -0.318 GeV"^ , eg = -0.076 GeV"^ . (77) 

Set III 

C6 = 0.067 , 67 = -0.314 GeV"^ , eg = -0.082 GeV"^ . (78) 

In the calculation of the q^-dependence of the meson-cloud contribution following constants in the chiral La- 
grangian ^ enter: C4, dio and eiQ. Here for C4, dio and eio we use the values fixed previously |12| : 

C4 = 1.693 GeV'S Jio = 1.110 GeV"^ eio = 0.039 GeV"^ (79) 
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In Eqs^ H76(l - (|78|l the constants dio, ej and eg and eio refer to the renormahzed couphng constants (see details in 
Ref. and cq ~ cq — 16m{2m + rhs). 

Now we return to discuss our results. As evident from Table 1 the magnetic moments of the baryon octet can 
be described with good accuracy for different values of the parameter A^. There is only a weak dependence on the 
variation of this parameter from 0.8 GcV to 1.25 GeV. However, the dipole moment /iata of the N A7 transition 
is quite sensitive to the variation of As. The reason for this stronger dependence is that 11 n A is proportional to the 
combination of the form factors 63 and ^2: 

MWA - bsiO)^^ ^ + 62 TO+TO_ . 80 

The main contribution to (J-na comes from the 63(0) form factor which has dimension 1/M. If we restrict our attention 
to the leading contribution to fiNA coming from the 3g core then we immediately realize that 63 scales as I /As- Hence 
we need to decrease the parameter A^ to get a reasonable description of una- With A^ ~ 0.75 GeV one can fit the 
central value of fiNA precisely. 

The next point of discussion is the sign of the EMR and CMR ratios. Again we restrict our attention to zero 
recoil - = 0. The contribution of the 64 form factor can essentially be neglected in our considerations since we 
find 64(0)763(0) ~ -1/10 and 64(0)762(0) ~ 1/5. If we temporarily also neglect the 62 form factor in EMR and CMR 
then (this is a well-known result in the literature these ratios become degenerate and equal to 

777 

EMR = CMR = ~ -6% . (81) 

3mA + rriN 

Therefore, to reproduce the experimental results for these quantities we require a contribution from the 62 form factor. 
In both cases (for a vector and a tensor current) the value of the 62 form factor is negative, but in the case of the 
tensor current it is twice as large than what is required phenomenologically. As a result, in the case of the tensor 
proton current the Ge2 and Gc2 form factors actually change sign from positive to negative, leading to positive ratios 
EMR and CMR. This is not the case for the vector current for the proton, and we therefore conclude that the vector 
current is strongly preferred in the calculations of the properties of N ~* A7 transition. To further illustrate this 
issue, in Table 6 we demonstrate the sensitivity of the EMR and CMR ratios on the choice of the three-quark proton 
current (see discussion below). 

Again, Table 2 shows that the pure vector and the pure tensor current used for the baryon octet give similar results 
for the bare magnetic moments of light baryons for the same set of model parameters: constituent quark masses 
and dimensional parameter A^. In Table 2 we restrict ourselves to the specific choice of model parameters (Set II): 
iriu = rud = 420 MeV, rus = 570 MeV and Kb = 0.8 GeV. However, the similarity of results for the two respective 
octet currents is not very sensitive to a variation of the model parameters. 

In Tables 3, 4 and 5 we present the detailed results for the properties of the N — > A7 transition for different 
values of the dimensional parameter A^ = 1.25, 0.8 and 0.75 GeV, respectively. For the EMR and CMR ratios we 
present our predictions at zero recoil {Q^ = 0) and at the finite value ~ 0.06 GeV^ (recently the Al Collaboration 
at Mainz jSg measured these quantities at this kinematic point). Our predictions are in good agreement with the 
experimental data of the LEGS Collaboration at Brookhaven 39] and of the GDH, Al and A2 Collaborations at 
Mainz |35 '40] . The quantities which are sensitive to the choice of the dimensional parameter Kb are the magnetic, 
electric and Coulomb form factors and related quantities - helicity amplitudes, dipole and quadrupole moment, decay 
width. As we stressed before, the magnetic form factor Gmi and the dipole moment ^ma increase when the parameter 
Kb decreases. Other quantities mentioned above have the same tendency. Therefore, the best description of the data 
is achieved for values of Kb — 0.8 or 0.75 GeV. In Figs. 4-10 we demonstrate the dependence of the Gj\/i, Ge2, Gc2 
form factors, the helicity amplitudes A1/2 and A3/2, and the ratios EMR and CMR as functions of up to values of 
0.2 GeV^. Results are indicated for the parameter Set II with Kb ^ 0.8 GeV. In the figures the solid line corresponds 
to the total contribution while the dashed line marks the bare contribution or the one of the valence quarks. 

Future refinement of the present work will involve tests of the functional form of the vertex functions entering into 
the strong interaction Lagrangian (|19|l as well as the form of the quark propagator modified in order to account for 
confinement. More precise data will also allow to study the possible mixture of vector and tensor currents. 

In Table 6 we demonstrate the sensitivity of the EMR and CMR ratios at = on the choice of the proton 
three-quark current for typical values of the parameter Kb = 0.75,0.8 and 1.25 GeV. The proton current is used in 
the form 

Jp = (1 - (3)J^ + /3JJ (82) 

where /3 is a tensor- vector mixing parameter. The limiting cases /? = and (3—1 correspond to the use of pure vector 
and pure tensor currents, respectively. We hope that forthcoming more precise experiments on the ratios EMR and 
CMR can yield a relatively precise limit on the value of the mixing parameter /3. 
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IV. SUMMARY 

In this paper we have calculated the magnetic moments of light baryons as well as the N — > A7 transition properties 
using a manifestly Lorcntz covariant chiral quark approach to the study of baryons as bound states of constituent 
quarks dressed by a cloud of pseudoscalar mesons. Our main results are: 

- The contribution of the meson cloud to the static properties of light baryons is up to 20%, which is consistent 
with the perturbative nature of their contribution and, together with the relativistic corrections, helps to explain how 
the 30% shortfall in the SU(6) prediction is ameliorated; 

- Wc showed that the numerical value of the dipole magnetic moment /xjva is sensitive; to the scale parameter 
describing the distribution of quarks in the baryon. In particular, this quantity scales as 1/Ab and a reasonable 
description of data is achieved at As < 0.8 GeV due to the enhancement of the valence quark contribution; 

- The multipolc ratios EMR and CMR are sensitive to the choice of the proton current: vector or tensor Jj (see 
Appendix A). The use of a pure vector current gives a reasonable description of the data. The pure tensor current 
Jp gives results for EMR and CMR with the wrong (positive) sign. However, a small admixture of the tensor current 
is possible, and forthcoming experiments can give a strong restriction on the mixing parameter of such currents; 

- We presented a detailed analysis of the light baryon observables all of which are in good agreement with experi- 
mental data. 



Acknowledgments 

This work was supported by the DFG under contracts FA67/31-1 and GRK683. This research is also part of the EU 
Integrated Infrastructure Initiative Hadronphysics project under contract number RII3-CT-2004-506078 and President 
grant of Russia "Scientific Schools" No. 5103.2006.2. K.P. thanks the Development and Promotion of Science and 
Technology Talent Project (DPST), Thailand for financial support. BRH is supported by the US National Science 
Foundation under award PHY 02-44801 and would like to thank the Tiibingen theory group for its hospitality. 



APPENDIX A: THREE-QUARK BARYON CURRENTS 
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Here we specify the baryonic currents |27|,|23|. The three-quark currents of the baryon octet are: 

I. Vector currents 

J^o = \/2 £°i°^'^3^Vs'''"'''C'7m'^''' > (Al) 

jV_ ^ ^a,a2a3^t.^5^a^ga2(j^^gas ^ 

II. Tensor currents 

Jlo = \/2 e°l''^°^c^^''75s°lw°^Cc^^^d''^ (A2) 
Jl_ = e'^i°2'^3cr'^'^75s'^M''^C(T^^d"\ 

j|o = e'^i'^2'^3cr^''75M'^is'^2C(T^^s'^% 



The three-quark (vector) currents of the A-isobar are 

TP 

-'A + + 



1 



= e'^i'^^'^a^'^l^a^^^Mf^aa , (A3) 

In the case of the A+ and A*' states it is also useful to proceed with the currents which contain two identical quarks 
(two "up" or two "down" quarks) contracted together as a diquark subsystem: 

= ^e°i°=''^(2d'^iu''2C7^M°^ -i7^d°iu''^C(T^''it°^), 
v3 

J^o = ■^e''^''^°'^[2u''^d''^CYd°"' -iiuu''^d''^Ca''''d''^). (A4) 
v3 



Eqs. (jA4|l are derived from Eqs. IjASp using Fierz transformations. 
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APPENDIX B: SETS OF THE RELATIVISTIC FORM FACTORS FOR THE AT ^ A7 TRANSITION 

In the literature one can find several equivalent decompositions of the vertex function K^^{p,p') describing the 
iV A7 transition [H-[ll| 

^^,}uiP,P') = ihf-^li^ - Qt^f 4)Gi{l^) + (p'^^qu ~ 9fj^^p'q)G2{q'^) + {q^qi. - 9fj^^q'^)G3{q'^)]j^ , 

= [{gt^i^q^ + qt^Pu)ai{q^) + a2{9t,vTn+m^ + P^p^)a2{q^) + {gt,i,m+ + 1 t,Vv)az{q^)]^^ , (Bl) 



^'iiiPiP') = -^TT—iiQiJ^i^ i-l,j.q^)ci{q^) + {gp.^q^ -qi.qu) ^'^^'^ ^ + (g^^Pg - P^g-^) o^^*^ + 9 i^uCi{q^)]-f^ . 

where P — p + p' and m± = ttia ± mpf. The sets of the relativistic form factors Gi, Ui, bi [see Eq. (|31|) ] and c,; are 
related to each other as: 



2mjv ' 

G2 = -2a2 = b2 = ^, 

G3 = -fli + 02 = -62 + 04 = — — 



C4 = . (B2) 
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Table 1. Magnetic moments of light baryons (in units of the nuclear magneton /iat). 
Results are calculated for the case of a purely vector current. 





Set I (Ab = 1.25 GeV) 


Set II (As = 0. 


S GcV) 


Set III (As = 0.75 GcV) 






Bare 


Meson 


Total 


Bare 


Meson 


Total 


Bare 


Meson 


Total 


Experiment [37. 391 




(3q) 


cloud 




(3q) 


cloud 




(3q) 


cloud 








2.530 


0.263 


2.793 


2.614 


0.179 


2.793 


2.621 


0.172 


2.793 


2.793 




-1.530 


-0.383 


-1.913 


-1.634 


-0.279 


-1.913 


-1.643 


-0.270 


-1.913 


-1.913 


MA 


-0.575 


-0.038 


-0.613 


-0.579 


-0.034 


-0.613 


-0.578 


-0.035 


-0.613 


-0.613 ± 0.004 


Ms+ 


2.336 


0.196 


2.532 


2.423 


0.148 


2.571 


2.430 


0.130 


2.560 


2.458 ± 0.010 


Ms- 


-0.942 


-0.327 


-1.269 


-0.960 


-0.223 


-1.183 


-0.962 


-0.235 


-1.197 


-1.160 ± 0.025 


Mh" 


-1.240 


-0.096 


-1.336 


-1.303 


-0.082 


-1.385 


-1.310 


-0.076 


-1.386 


-1.250 ± 0.014 


Mh- 


-0.599 


0.033 


-0.566 


-0.567 


0.012 


-0.555 


-0.562 


0.014 


-0.548 


-0.6507 ± 0.003 


IMEOaI 


1.273 


0.293 


1.566 


1.372 


0.245 


1.617 


1.385 


0.222 


1.607 


1.61 ± 0.08 


fJ'NA 


2.357 


0.439 


2.796 


2.984 


0.354 


3.338 


3.102 


0.356 


3.458 


3.642 ± 0.019 ± 0.085 



Table 2. Sensitivity of the bare contributions to the light baryon magnetic moments on 
the choice of the octet baryon 3(7-currcnt (in units of the nuclear magneton mat)- 
The scale parameter is chosen to be As = 0.8 GeV. 





Vector current 


Tensor current 


Experiment [37. 391 




2.614 


2.804 


2.793 


fJ-n 


-1.634 


-1.814 


-1.913 


MA 


-0.579 


-0.594 


-0.613 ± 0.004 


Me+ 


2.423 


2.509 


2.458 ± 0.010 


Ms- 


-0.960 


-0.973 


-1.160 ± 0.025 


Mh" 


-1.303 


-1.385 


-1.250 ± 0.014 


Mh- 


-0.567 


-0.560 


-0.6507 ± 0.003 


Meoa 


1.372 


1.398 


1.61 ± 0.08 


MWA 


2.984 


2.740 


3.642 ± 0.019 ± 0.085 



Table 3. Results for the N ^ A7 transition (Set I: Ab = 1-25 GeV) 





Bare (3q) 


Meson cloud 


Total 


Experiment [37. 38. 39] 


EMR (%) at Q2 ^ 


-3.22 


0.29 


-2.93 


-2.5 ± 0.5; -3.07 ± 0.26 ± 0.24 


EMR (%) at Q2 = 0.06 GeV^ 


-3.14 


0.42 


-2.72 


-2.28 ± 0.29 ± 0.20 


CMR (%) at Q2 


-3.69 


0.34 


-3.35 




CMR (%) at Q2 = 0.06 GeV^ 


-4.75 


0.44 


-4.31 


-4.81 ± 0.27 ± 0.26 


^1/2(0) in 10-3 GeV-1/2 


-87.4 


-11.8 


-99.2 


-135 ± 6 


^3/2(0) in 10-3 GeV-1/2 


-173.0 


-20.9 


-193.9 


-250 ± 8 


G£;2(0) 


0.093 


0.002 


0.095 


0.137 ± 0.012 ± 0.043 


Gmi(0) 


2.887 


0.359 


3.246 


4.460 ± 0.023 ± 0.104 


Gc2(0) 


0.107 


0.008 


0.115 




Qna ( fm^) 


-0.073 


-0.001 


-0.074 


-0.108 ± 0.009 ± 0.034 




2.357 


0.439 


2.796 


3.642 ± 0.019 ± 0.085 


Ta^^ (MeV) 


0.30 


0.09 


0.39 


0.58 - 0.67 



Table 4. Results for the N ^ A7 transition (Set II: As = 0.8 GeV) 





Bare (3q) 


Meson cloud 


Total 


Experiment [37. 38. 39] 


EMR (%) at Q2 ^ 


-3.41 


0.31 


-3.10 


-2.5 ± 0.5; -3.07 ± 0.26 ± 0.24 


EMR (%) at Q2 ^ 0.06 GeV^ 


-3.34 


0.33 


-3.01 


-2.28 ± 0.29 ± 0.20 


CMR (%) at Q2 ^ 


-3.95 


0.26 


-3.69 




CMR (%) at Q2 ^ 0.06 GeV^ 


-5.13 


0.35 


-4.78 


-4.81 ± 0.27 ± 0.26 


^1/2(0) in (10-3 GeV-i/2) 


-110.0 


-14.3 


-124.3 


-135 ± 6 


^3/2(0) in (10-3 GeV-i/2) 


-219.4 


-25.3 


-244.7 


-250 ± 8 


Gb2(0) 


0.125 


0.002 


0.127 


0.137 ± 0.012 ± 0.043 


Gmi(0) 


3.655 


0.434 


4.089 


4.460 ± 0.023 ± 0.104 


Gc2(0) 


0.144 


0.007 


0.151 




Qna ( fm^) 


-0.098 


-0.001 


-0.099 


-0.108 ± 0.009 ± 0.034 


li-NA 


2.984 


0.354 


3.338 


3.642 ± 0.019 ± 0.085 


Va^n^ (MeV) 


0.49 


0.12 


0.61 


0.58 - 0.67 



Table 5. Results for the N ^ A7 transition (Set III: As = 0.75 GeV) 





Bare (3q) 


Meson cloud 


Total 


Experiment f37, 38, 39] 


EMR (%) at g2 = 


-3.43 


0.30 


-3.13 


-2.5 ± 0.5; -3.07 ± 0.26 ± 0.24 


EMR (%) at Q2 ^ 0.06 GeV^ 


-3.35 


0.30 


-3.05 


-2.28 ± 0.29 ± 0.20 


CMR (%) at Q2 = 


-3.98 


0.25 


-3.73 




CMR (%) at Q2 = 0.06 GeV^ 


-5.17 


0.33 


-4.84 


-4.81 ± 0.27 ± 0.26 


^1/2(0) in (10-3 GeV-i/2) 


-114.3 


-14.3 


-128.6 


-135 ± 6 


yl3/2(0) in (10-3 GeV-i/2) 


-228.1 


-25.4 


-253.5 


-250 ± 8 


G£2(0) 


0.130 


0.002 


0.132 


0.137 ± 0.012 ± 0.043 


Gmi(0) 


3.800 


0.435 


4.235 


4.460 ± 0.023 ± 0.104 


Gc2(0) 


0.151 


0.007 


0.158 




Qna ( fm^) 


-0.102 


-0.002 


-0.104 


-0.108 ± 0.009 ± 0.034 


li-NA 


3.102 


0.356 


3.458 


3.642 ± 0.019 ± 0.085 


Ta^w^ (MeV) 


0.53 


0.13 


0.66 


0.58 - 0.67 
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Table 6. Sensitivity of the EMR and CMR ratios to the choice of the proton Sg-current 





Mixing parameter /3 




U 


U.Ozo 


A A C 

U.05 


A 

O.U/5 


A 1 
U.l 


A 1 C 

U.15 


A O 

0.2 


A o r 

0.25 


A O 

U.3 


A O C 

U.35 


A A 
0.4 


A C 

0.5 


0. ^ 5 


i 


oet 1 yi\.B — j-'^o iorev ) 
EMR (%) 


-2.93 


-2.54 


-2.28 


-2.04 


-1.80 


-1.35 


-1.08 


-0.55 


-0.19 


0.15 


0.47 


1.05 


2.29 


3.19 


CMR (%) 


-3.35 


-3.03 


-2.72 


-2.42 


-2.13 


-1.59 


-1.08 


-0.61 


-0.17 


0.25 


0.63 


1.35 


2.81 


3.95 


Set II (As = 0.8 GeV) 
EMR (%) 


-3.10 


-2.83 


-2.56 


-2.30 


-2.06 


-1.60 


-1.17 


-0.77 


-0.40 


-0.05 


0.28 


0.87 


2.09 


3.03 


CMR (%) 


-3.69 


-3.35 


-3.03 


-2.64 


-2.35 


-1.80 


-1.29 


-0.81 


-0.37 


0.04 


0.43 


1.14 


2.58 


3.69 


Set III (As = 0.75 GeV) 
EMR (%) 


-3.13 


-2.84 


-2.58 


-2.33 


-2.07 


-1.62 


-1.19 


-0.79 


-0.41 


-0.07 


0.26 


0.85 


2.10 


3.00 


CMR (%) 


-3.73 


-3.39 


-3.06 


-2.75 


-2.44 


-1.87 


-1.34 


-0.85 


-0.40 


0.03 


0.43 


1.16 


2.65 


3.80 
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(1) (2) (3) (4) 




(8) (9) 




(10) (11) (12) 



Fig. 1. Diagrams including pseudoscalar meson contributions to the EM quark transition operator up to fourth 
order. Solid, dashed and wiggly lines refer to quarks, pseudoscalar mesons and the electromagnetic field, respectively. 
Vertices denoted by a black filled circle, box and diamond correspond to insertions from the second, third and fourth 
order chiral Lagrangian. 



25 




Fig. 2 Baryon mass operator 




Fig. 3 Diagrams contributing to the matrix elements of tlie bare quark operators: triangle (a), bubble (b) and (c), 
pole (d) diagrams. Symbol x corresponds to the source of the external field. 
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Fig. 4 Helicity amplitude ^i/2(<3^)- Solid line is the total result, 
whereas the dashed line corresponds to the valence quark contribution 




(GeV^) 



Fig. 5 Helicity amplitude >l3/2(Q^)- Otherwise as in Fig. 4. 
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(GeV^) 



Fig.6 Form factor Gmi(<3^)- Otherwise as in Fig.4. 
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Fig. 7 Form factor Ge2{Q'^)- Otherwise as in Fig.4. 
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Fig.lO Ratio CMR{Q^) = Gc2(Q^)/Gmi(Q^). Data are taken from Refs. [H (filled triangle), 
(opened triangle), j4^] (filled box) and Q (filled circle). Otherwise as in Fig. 4. 



